During 2002-2005, a new container terminal in the commercial harbour of Le Havre, named "Port2000", was built on the northern flank of the Seine estuary, northern France. This extension is already known to have modified the estuary current and sediment dynamics, as well as reducing biomass of the suprabenthos assemblage, for the whole downstream part of the system. However, studies on other biotic communities were largely inconclusive, and an ecosystem-wide analysis was still lacking. Here, we performed a before/after study of ecosystem dynamics of the different habitats of the Seine estuary, using a Linear Inverse Modelling technique (LIM-MCMC) to estimate all flows occurring in the food web. Ecological Network Analysis indices were calculated, summarising ecosystem functioning traits and giving indications about the habitat health status. Results showed that the southern flank (FS, Fosse Sud) exhibits all characteristics to be considered as the least stressed habitat of the estuary: system activity and functional specialisation of flows were stable between periods, ecosystem recycling processes and detrital dynamics were also stable; an increase in trophic specialisation (decrease in system omnivory) was the only change confirming a general ecological succession. The northern flank (FN, Fosse Nord), where the actual terminal was built, showed a food web with increased importance of lower trophic levels (increased detritivory and carbon recycling), increased stability and flow efficiency, but possibly regressed to a previous step in ecological succession. In the central navigation channel (CH), patterns of network indices were overall inconclusive and the general image is one of a constantly shifting food web, a condition possibly caused by the year-round dredging activities. The functioning of 2 Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive publisher-authenticated version is available on the publisher Web site.
The levels of both anthropogenic and natural stress of aquatic ecosystems can be partially 98 captured by ENA indices, although a general theory encompassing their different interpretations is 99 still in progress (Saint-Béat et al. 2015) . The stability of an estuarine food web -and by extension 100 of its ecosystem -is its capacity of maintaining comparable levels of functioning, i.e. its provision 101 of services to human populations which include, among many others, fishing resources, 102 contaminant turnover, and participation in global biogeochemical cycles (Ulanowicz 2003 , Lobry et 103 al. 2008 ). Disturbance effects in estuarine biodiversity and food webs are known to influence 104 ecosystem structure and functioning at various levels and might include, among others, an increase 105 in total system activity (Baeta et al. 2011), increase in recycling rates (Odum 1985) , and reduction 106 in trophic flows specialisation which will be reflected in a higher system omnivory (Fagan 1997) . 107
The main objective of this study was to perform a before/after evaluation of the impacts related 108 to the construction of Port2000 on the Seine estuary functioning, based on the different 109 anthropogenic pressures at play in the three main spatial estuarine habitats (northern, central, and 110 southern). We have used linear inverse modelling to obtain estimations of ecosystem flows in the 111 three habitats, and subsequently implemented the related network analysis. 112 113
Materials and methods 114

Study area 115
The Seine estuary in northern France is a system heavily influenced by tides (almost 8 m at 116 spring tide at the estuary mouth), with the presence of a strong maximum turbidity zone compared 117 to other macrotidal estuaries (Le Hir et al. 2001) . Over the past century, water pollution levels -118 among the highest in the continent -and frequent hypoxic events have increased management 119 concerns; furthermore, the fisheries operating in the marine part of the estuary have nowadays 120 collapsed (Dauvin 2008 ). Nevertheless, the estuary remains a nursery area for several species ,1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 especially for flatfish (Riou et al. 2001) . Over the last 30 years, the Seine River has undergone 122 fluctuations in its outflow, with a period of high variability before the Port2000 construction and a 123 more stable period after Port2000 characterised by low outflow (Dauvin & Pezy 2013 ). In addition, 124 the Port2000 construction brought changes to the structural aspects of the Seine estuary and, 125 therefore, to the overall water circulation. The main construction consisted in closing out an area of 126 approximately 5 km 2 adjacent to the older part of the harbour, in the northern flank (20% of its 127 initial surface). An opening was created on the estuarine side to improve river flow into the FN. 128 This measure has been favouring the formation of two new meanders and a general increase in 129 intertidal surface. Water circulation was significantly increased; however, according to the latest 130 observations in 2014, the new intertidal zone remains still poor in faunal abundance (CSLN Le 131
Havre, unpublished data). The central navigation channel was further dredged and deepened to 132 increase water flow, and it is still subject to continuous dredging to improve access to Rouen, 133 another maritime port 120 km upstream. The southern flank, on the other hand, has been the least 134 reworked area, with the only addition of an artificial island built as seabirds reserve, and it remains 135 better separated from the central channel than the northern flank. 136
The marine part of the Seine estuary was split into three spatial boxes that were modelled 137 separately, following previous assessments, and considered "habitats" as homogenous zones from 138 the hydro-sedimentary and salinity points of view (Tecchio et al. 2015) . These habitats were: (1) the 139 central navigation channel (CH) upstream to the Tancarville bridge, separated from the flanks by 140 breakwaters submerged at low tide, (2) the northern flank (FN) which includes the harbour of Le 141
Havre and hosting the north intertidal flat, and (3) the southern flank (FS) shielded from the central 142 channel current and hosting a large intertidal flat (Figure 1 ). The sediment composition of the two 143 flanks is a combination of sandy and muddy bottoms. The central channel is dredged year-round 144
and it is mainly composed by sandy bottoms with sparse rocks. Thus, the study spatial extent covers 145 an area continuously under sediment resuspension and direct organic matter inflow from the Seine 146 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7 the least influence of human building works. We therefore considered the southern flank as the 148 habitat that was least modified between the two periods (before/after Port2000), thus serving as a 149 partial reference. 150
For each of the three habitats, two food-web models were constructed using data from two 151 Each food web was composed of 15 internal trophic groups and 3 external compartments, i.e. 162 inorganic carbon for photosynthesis, river input, and the respiration sink (Figure 2 ). Eighty-five (85) 163 flows were described between these components. Each living compartment was linked with 164 consumption flows (as input), excretion/mortality (output to detritus), respiration (exported outside 165 the model), and production flows (predated by other compartments). The constraints on these flows, 166
i.e. their minimum and maximum limits, were established using rates drawn from literature, from 167 other modelling works (whenever their results were generalizable), or from local detailed studies for 168 diet constraints (Table 1) . Biomasses (Table 2) were taken from the same database as the previously 169 performed modelling work (Tecchio et al. 2015) : benthos and fish data came from a combination of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 Natural History Museum Paris sampling programs, and were standardised as gC m -2 using 172 conversion factors (Brey 2001, Oguz et al. 2008 ). Where available, biomasses were used to 173 parameterise the production flows, by multiplying them with a range of production/biomass (P/B) 174 rates, obtained from literature. Energy balance was defined as 175
. Consumption was 176 defined as all flows entering a compartment. Excretion, i.e. flow from a living compartment to 177 detritus, also included natural mortality. Two among the three energy balance ratios (among P/Q, 178 U/Q, and R/Q), according to availability, were used to constrain flows for each living compartment. 179
For example, suprabenthos production was set between 10% and 37% of its consumption: 180
. 181
Bacterial flow to detritus was considered as the proportion of bacterial production that is shunted by 182 viruses (Danovaro et al. 2008 ). For dietary constraints, single-sided inequalities were preferred, e.g. 183 zooplankton (ZOO) consumption by planktivorous fish (FPV) was set higher than 30% of FPV total 184 food intake:
. This was more reflective of the typical 185 predatory behaviour, allowing an automatic re-balancing of the diet when the biomass entered for a 186 prey is lower than usual in a given habitat or when the estimated biomass is lower than usual in a 187 particular solution (Table 3) . Gross primary production, defined as the sum of carbon import for 188 primary producers (i.e. phytoplankton and microphytobenthos), was constrained using minimum 189 and maximum limits from literature (Videau et al. 1998) . and interpreted as an indicator of system activity (Rutledge et al. 1976 , Latham 2006 . 214
x The Detritivory/Herbivory ratio (D/H) was obtained as the ratio between the sum of all predation 215 flows on the detritus compartment (det) and the sum of all predation flows on primary producers 216 (phy and mpb). An increase would indicate a shift to a more detritus-based food web, while a 217 decrease would suggest an augmented importance of primary producers in trophic interactions 218 (Ulanowicz 1992 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 Then, the web was separated into discrete trophic levels (TL I, II, III, …) and TE was calculated 243 as the proportion of outbound flows of a level that throughput into the next. In this case, the 244 result is not a single value but one TE value for each trophic level, scaled from 0 to 1. large sample sizes, t-tests were finding differences even for tiny effects. Therefore, the non-249 parametric effect size statistic introduced by Cliff (1993) was applied to assess a statistical 250 difference. Given two samples of size and , the Cliff's delta statistic, also called success rate 251 difference, is expressed as: 252 where and are scores within samples 1 and 2. This statistic estimates the probability that a 253 randomly selected value in one sample is higher than a randomly selected value in the second 254 sample minus the reverse probability, i.e.
.
Note that a positive value 255
indicates that all values in sample 1 are larger than all values in sample 2. Comparing the degree of 256 overlapping of the two distributions can detect whether the significant difference is due to an 257 effective ecological meaning or to the sample size alone. Significant differences were identified 258 using thresholds provided by Romano et al. We also calculated the percentage of difference in the means of each compartmental throughflow. 262
The throughflow of a compartment is defined as the higher of its total inflow or outflow (which in 263 our case were equal due to the models being at steady state). As the differences showed variations 264 of over 4 orders of magnitude, a log transformation was applied to the percentages. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 266
Results 267
Analysis of the flow estimates 268
The biomasses used to parameterise production flows showed variations between periods. 269
Invertebrate predators increased in all habitats, with the strongest increase in the FS where they 270 increased from 9.83 to 41.65 gC m -2 . Suprabenthos showed an extreme biomass decline in all three 271 habitats, with a 87.2% decrease in the CH and a 90.4% decrease in FN and FS. Invertebrate biomass 272 over the whole estuary was two orders of magnitude higher than fish biomass, in both periods. The 273 exception was in CH where the biomass of fishes changed from 9.43% of invertebrate biomass to 274 2.82% in the more recent period. Averaging over the three habitats, the ratio between fish and 275 invertebrate biomass (considering only megabenthos as invertebrates) changed from 0.84% before 276 Port2000 to 1.02% after its construction. Finally, meiofauna biomass was left unchanged between 277 periods due to unavailability of data. 278
In all models, the most important estimated flow of the food web, in terms of magnitude, was the 279 gross primary production of phytoplankton (FIX→PHY), which globally averaged 411.2 ± 55.4 gC 280 m -2 y -1 (Figures 3 and 4) . The other primary production input flow was FIX→MPB and it was 281 estimated at 61.0 ± 28.1 gC m -2 y -1 . Respiration flows, which represented the export from the 282 system, were dominated by bacterial respiration which was 141.4 ± 84.2 gC m -2 y -1 overall 283 (BAC→RES). The main internal flow matrices (i.e. consumption/predation between living 284 compartments) were dominated by zooplankton ingestion and production flows. The analysis of 285 differences in mean flows and in their standard deviations between periods yielded similar results. 286
In the habitats where an overall increase in flows means was present, so did the overall flows 287 variability. The general pattern for flows standard deviations followed approximately the mean's 288 13 one, i.e. when mean flow values increased so did the variability, and vice versa. This reflects the 289 non-normality of flows distributions. 290
The comparison of compartment throughflows (their total inflow or outflow, a proxy of activity) 291 between the two periods showed that, in the CH system, activity in the benthos (from IDF to FBF) 292 strongly increased over the whole food web in the later period ( Figure 5 ). The compartments MPB, 293 SUP, and FPI, always reduced their overall activity in the more recent period, while ZOO, IPR, and 294 FBF always increased it. Worth mentioning is suprabenthos group (SUP) which decreased in all 295 habitats, due to its above mentioned reduction in biomass and, therefore, in its production flows. 296
Bacterial (BAC) activity also decreased in all spatial compartments in the more recent period. The 297 rest of the groups had contrasting behaviour between habitats. The northern flank (FN) showed an 298 increase in detritus feeding, zooplankton activity, and overall benthos dynamics (increase in IFF, 299 IPR and FBF, with a decrease only in IDF). 300 301
Ecological network analysis 302
All t-tests performed on ENA indices showed extremely significant differences (p < 10 -15 ) except 303 for the before/after comparison of SOI (p = 0.10). Thus, Cliff's delta statistic was used for 304 interpreting direction and significance of the comparisons (Table 4) . We considered medium and 305 large effect sizes to be indicative of a significant trend. 306
Comparing the before and after periods, the total system throughput (T..) increased significantly 307 in the CH and FN, and remained stable in FS ( Figure 6 and Table 4 ). Ascendency increased 308 significantly in CH and FN, while remaining stable in FS. Relative redundancy was the lowest in 309 the CH before Port2000; it increased significantly up to the levels of the other two habitats after 310 Port2000. Relative redundancy significantly increased in the FN and decreased in the FS between 311 the two periods. The Average Mutual Information (AMI) showed high standard deviations in all1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 comparisons, with no contrasts being significant. Carbon recycling estimated by FCI increased in 313 the after period in the three estuarine habitats, especially in CH and FN where contrasts were 314 significant. The diversity of flows, estimated by H r , strongly increased from 3.02 to 3.27 in the CH, 315 remained stable in the FN, and decreased in the FS. System omnivory remained stable in the CH 316 and decreased in FN and FS, with the FS difference being significant. Finally, the 317 detritivory/herbivory ratio (D/H) showed significant increases in the CH and FN, and remained 318 stable in the FS. In CH and FN, this change in D/H was more due to an increase in detritus chain 319 activity than to a decrease in consumption of primary producers (see again Figure 5 ). 320
Transfer efficiencies by discrete trophic levels showed a more linear pattern after Port2000 321 construction for both northern and southern flanks ( 
Appropriateness of the methodology 331
The use of separate food web models to analyse the functioning of an estuarine ecosystem has 332 been considered pertinent, even if each spatial box has been defined geographically rather than by a 333 single habitat type (Tecchio et al. 2015) . Here, the northern and southern flanks (FN and FS) 334 included both intertidal and subtidal zones. However, the particular topography of the estuary, with 335 these flanks separated from the central navigation channel and thus subject to specific current 336 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 regimes, means that this approximation is appropriate. Regarding the source data for biomasses, the 337 variety of samplers used does not guarantee a perfect sampling efficiency per se, but field trips were 338 numerous and distributed across seasons and years, and the same samplers were used between the 339 two periods. A Pedigree analysis of the source dataset has been performed previously, obtaining 340 results at the highest range of values reported in literature (Tecchio et al. 2015) . 341
The modelling approach applied in this work is not without caveats and aspects that could be 342 improved. A step forward might include an improved determination of primary production input, 343 which in the present work was characterised in coarse detail. In fact, gross phytoplankton 344 24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 Finally, the inferential statistic applied here proved useful to compare ENA results when the 362 large sample sizes did not allow the application of parametric statistical tests. To our knowledge, 363 the use of Cliff's delta for ecosystem modelling results is first presented here, and we hope it will be 364 applied and criticised in future works. 365
Ecosystem functioning between periods 366
Ecosystems evolve towards maturity, which is the last state in the process of succession (Odum 367 1969) . At maturity, we expect an increase in link connectivity and stability, and an accumulation of 368 capital of nutrients and biomass which is usually stored at the higher trophic levels (Gunderson 369 2000). The link between system maturity and the observations by ENA has been done here by 370 considering the limitations of using relatively small network with a high degree of aggregation of 371 functional groups. However all models were built with the same link structure, thus permitting 372 comparisons between them. 373
The construction of Port2000 was not the only changing condition between the two periods. 374
Contrasting rates of river discharge were identified in the Seine, with the more recent period (after 375 Port2000) marked by significantly lower river discharge (caused by the North Atlantic climatic 376
Oscillation) than the first period (Dauvin & Pezy 2013). This reduced outflow might have shifted 377
the maximum turbidity zone upstream and left the majority of organic matter within the navigation 378 channel (CH), then favouring an increase in system activity especially on the benthic detritivorous 379 compartments. The seasonal and inter-annual fluctuations inside each period were nevertheless too 380 high to conclude that differences in ecosystem functioning before and after Port2000 would be due 381 to multi-annual differences in organic matter input from river discharge. A complete deconvolution 382 of the various external factors operating on the Seine estuary ecosystem will have to be achieved by 383 a combination of other methods of ecosystem modelling, such as time-dynamics and/or spatial 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 between periods have been discussed without necessarily linking them directly to the Port2000 386 construction or to the mitigation measures. 387
The southern flank (FS) showed a reduction in both primary productivity requirements 388 (herbivory) and detritivory, overall maintaining a stable system activity and D/H ratio. At the same 389 time, the trophic flow specialisation increased. This step towards system maturation can be 390 identified by a reduction of parallel pathways in the food web and of their flow evenness, i.e. ). In our case, the decrease of SOI should be interpreted as a reduction of 407 system stress. In all cases, the FS showed all characteristics to be considered the least stressed area 408 of the estuary, and at the same time, this condition was maintained and reinforced in the later 409 period. This comforted our initial choice of considering FS as a reference compartment. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   18 The northern flank (FN) is the habitat directly influenced by the construction of Port2000, as it 411 was subject to several modifications and its overall surface was decreased from 25 to 20 km 2 . The 412 remediation works helped in the formation of a new intertidal flat and meanders but at the same 413 time, they modified current dynamics and increased sand input and salinity (Cuvilliez et al. 2009 ). 414
The direct observed effect, which was expected, was an increase in carbon recycling (mean FCI 415 went from 9.6% to 13.9%) and in the D/H ratio (0.589 to 0.775 in average). The food web seems to 416 have been compressed, increasing importance of lower trophic levels and detritus chain, which are 417 indeed the levels with the highest contribution to carbon recycling. The improved water flow at the 418 eastern side of FN might also have increased detritus input in the zone at the same time; however, in 419 our models the estimation of input flows -both primary production and river input -was left 420 unconstrained. Thus, it can be considered as the "required input to sustain the food web", as energy 421 balances of all living groups were instead constrained. 422
What do the FN changes mean in terms of response to stress and disturbance levels in northern 423 temperate estuaries? In another ecosystem modelling study, the efforts undertaken to restore a 424 Zostera seagrass bed increased the system activity but at the same time, the ecosystem still showed 425 estuarine system can be stable even if it is far from maturity, i.e. not at ecological climax. The 437 construction of Port2000 may have made the system recede to a previous step in ecological 438 succession, but at the same time increase its stability at that particular system state. In fact, during 439 reorganisation a system mobilises its biomass "assets", stored at high trophic levels: this biomass is 440 converted into flows linked more with the lower trophic levels (Pranovi & Link 2009 ). This process 441 has two consequences; it increases recycling and detritivory, and it strengthens the connectivity of 442 the remaining lower TLs (Rombouts et al. 2013) . Transfer efficiency at TL IV in both FN and FS 443 decreased after Port2000, supporting this possibility along with the straightening pattern of FN 444 between the two periods. 445
Considering CH, we remember that ascendency is calculated as and that 446
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